Nuclear localization of β-catenin is essential for the progression of various human cancers via transcriptional upregulation of downstream genes. The MAP kinase interacting serine/threonine kinase (MNK)-eukaryotic translation initiation factor 4E (eIF4E) axis has been reported to activate Wnt/β-catenin signaling, and CGP57380, an inhibitor of MNK kinases, inhibits the proliferation of multiple cancers. In this study, we showed that β-catenin signaling (including β-catenin, cyclin D1, c-Myc, and MMP-7) and p-eIF4E expression were elevated in nasopharyngeal carcinoma (NPC) compared with non-cancerous nasopharyngeal epithelial tissues, and was associated with clinical characteristics of NPC patients. Lymph node metastasis, gender, aberrant β-catenin expression, and elevated levels of MMP-7 and cyclin D1 were independent prognostic factors. Significantly, expression of p-eIF4E was positively correlated with β-catenin, and targeting the MNK-eIF4E axis with CGP57380 downregulated β-catenin in the nucleus, which in turn decreased proliferation, cell cycle progression, migration, invasion, and metastasis of NPC in vitro and in vivo. CGP57380 also potentiated radiation-induced apoptosis in NPC. Moreover, CGP57380 upregulated β-catenin in the cytoplasm thus blocking epithelial-mesenchymal transition (EMT), a key mechanism in cancer cell invasiveness and metastasis. Mechanistically, inhibition of β-catenin nuclear translocation by CGP57380 was dependent on AKT activation. Notably, identification of the MNK/eIF4E/β-catenin axis might provide a potential target for overcoming the poor prognosis mediated by β-catenin in NPC.
Introduction
Nasopharyngeal carcinoma (NPC) is a malignant tumor that exhibits significant racial and geographical differences, with a particularly high incidence in Southern China and Southeast Asia. Development and progression of NPC depends on the accumulation of multiple pathogenetic factors, such as Epstein-Barr virus infection, genetic susceptibility, and environmental factors. Although early diagnosis and local control can be achieved, the prognosis for NPC patients with distant metastasis remains poor [1] .
The canonical Wnt/β-catenin pathway participates in the pathogenesis of a broad range of Ivyspring International Publisher human cancers. β-Catenin, a core component of Wnt/β-catenin signaling, exerts a dual role in cells. Normally, β-catenin functions in formation of the membranous E-cadherin/β-catenin complex that maintains the intercellular tight junction. Minor free β-catenin molecules remaining in the cytoplasm are controlled by multiprotein complexes encompassing kinases, containing glycogen synthase kinase-3β (GSK-3β), casein kinase 1 (CK1), the scaffolding proteins adenomatous polyposis coli (APC) and Axin. In the absence of Wnt ligands, Axin regulates CK1 to initially phosphorylate β-catenin at the Ser45 site [2] , followed by phosphorylation of Ser33/37/Thr41 residues mediated by GSK-3β. Phosphorylated β-catenin is targeted for ubiquitination-dependent proteolysis [3] [4] [5] . Upon binding of Wnt ligands to the cell surface receptors Frizzled (Fz), phosphorylation of Disheveled proteins with synergistic activity of low-density lipoprotein receptor-related protein (LRP) 5/6 [6] results in stabilization of β-catenin through suppression of GSK-3β activity. The prior study suggested some other mechanisms participated in the regulation of β-catenin stabilization. Wnt could abolish β-transducin repeats-containing proteins (β-TrCP) recruitment to phosphorylated β-catenin preventing β-catenin from ubiquitination and degradation itself [7, 8] . Phosphorylated AKT can also inhibit GSK-3β activity, resulting in the stabilization of β-catenin [9, 10] . In exceptional cases, β-catenin is regulated by AKT-protein phosphatase 2A (PP2A) via phosphorylation of β-catenin at Ser552 and Ser675; this promotes its translocation into the nucleus resulting in activation of T-cell factor (TCF)/lymphoid enhancer factor transcription factors and transcriptional upregulation of downstream genes such as Ccnd1, c-Myc, MMP7 and AXIN2 [11] [12] [13] [14] .
The translation initiation factor 4E (eIF4E) is a rate-limiting factor in cap-dependent mRNA translation. eIF4E is specifically phosphorylated at serine 209 by the MAPK interacting kinases (MNK). Targeting the MNK-eIF4E axis by inhibition of MNK kinases is an attractive therapeutic approach given that MNK and eIF4E phosphorylation is dispensable for normal development, but activation of eIF4E and MNK is associated with poor prognosis in numerous human cancers [15] . A small-molecule compound CGP57380 was found to be a potent MNK1 and MNK2 inhibitor in vitro [16, 17] . Our previous study showed that CGP57380 enhanced the efficacy of RAD001 in non-small cell lung cancer through abrogation of mTOR inhibition-induced phosphorylation of eIF4E and activation of the mitochondrial apoptotic pathway [18] .
Recent work has highlighted the correlation between the MNK-eIF4E axis and β-catenin signaling. Lim and colleagues reported that the MNK-eIF4E axis activated Wnt/β-catenin signaling by increasing β-catenin mRNA translation and facilitating nuclear translocation of β-catenin protein [19] . Another investigation showed that the antibiotic drug rifabutin targeted human lung cancer cells via inhibition of the eIF4E-β-catenin axis [20] . Although the essential roles of the activated MNK-eIF4E axis and ectopic activation of β-catenin signaling in NPC development have already been identified [21, 22] , it is unclear whether there is a direct association between the MNK-eIF4E axis and activated β-catenin in NPC. In the present work, we investigate whether β-catenin signaling is activated in NPC and its relationship to p-eIF4E levels. We also explore whether targeting the MNK-eIF4E axis by CGP57380 can suppress β-catenin nuclear translocation, this decreasing the proliferation, migration, and invasion of NPC in an AKT-dependent manner in vitro and in vivo, and potentiating radiation-induced apoptosis. The identification of a specific MNK-eIF4E-β-catenin axis in NPC may provide a therapeutic window for improving the poor prognosis of this disease.
Material and Methods
Antibodies and reagents are described in detail in the Supplemental Material and Methods.
Cell Lines and Cell Culture
Cell lines used in this study (NP69, CNE1, HNE1, HNE2, 5-8F, and 6-10B) were gifted by the Cancer Research Institute, Central South University. All cell lines were recently authenticated using short tandem repeat (STR) profiling by Microread Gene Technology (Beijing, China). The immortalized NP69 nasopharyngeal epithelial cell line was cultured as described previously [23] . The human NPC cell lines CNE1, HNE1, HNE2, 5-8F, and 6-10B were cultured in RPMI-1640 medium (Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone). All cell lines could be revived every 3-4 months from the frozen vial.
Xenograft Mouse Tumor Models
Three previously reported models were used in this study with minor modifications [24, 25] . In the subcutaneous tumor model, CNE1 cells were injected subcutaneously (5 × 10 6 cells/injection) in 200 μ L serum-free medium into male BALB/c nude mice. Tumor growth was monitored by measurement of tumor diameter, and the tumor volume was calculated with the formula V = (length×width 2 )/2. As soon as the tumor volume reached 50-100 mm 3 , the mice were randomly allocated into two groups (n=6/group) for treatment with vehicle control or CGP57380 (25 mg/kg, three times per week, i.p injection). At the end of treatment, all tumors were excised, weighed, and analyzed by H&E staining and immunohistochemistry (IHC).
In the intravenous injection model, a monoplast suspension containing 5×10 5 CNE1 cells was injected into the tail vein of anesthetized male BALB/c nude mice. Treatment with vehicle control or CGP57380 (25 mg/kg, three times per week, i.p injection) was started immediately after injection (n=3/group). Tumors that developed in the lungs were harvested and confirmed by histology after 3 weeks of treatment.
In the intraperitoneal tumor model, luciferase-expressing CNE1 cells (1×10 7 cells) were injected intraperitoneally into anesthetized male BALB/c nude mice. CGP57380 treatment was initiated when the luminescence signal reached 3×10 6 photons/s. Mice were treated with vehicle control or CGP57380 (25 mg/kg) intraperitoneally three times per week for up to 5 weeks (n=3/group). Development of tumor burden was monitored weekly by bioluminescence imaging (BLI) of anesthetized mice that were intraperitoneally injected with 75 mg/kg D-luciferin (Perkin Elmer). Bioluminescence images were acquired with a Bruker MI SE imaging system. Data were normalized to the weakest signal.
All mice used were of the same age (4 weeks) and similar body weight (20 g). All animal procedures were approved by the Institutional Animal Care and Use Committee of Central South University.
Tissue Specimens
Tissue specimens representing 163 NPC cases were collected at the Second Xiangya Hospital of Central South University (Changsha, Hunan, China) with informed consent from all patients. No patient had previously been treated with radiotherapy and chemotherapy at the time of original biopsy. Complete clinical records and follow-up data were available for all patients and are detailed in Table 1 . All specimens had been confirmed by pathological diagnosis according to the World Health Organization histologic classification of NPC. The study was carried out with approval from the Ethics Review Committee of the Second Xiangya Hospital of Central South University. All methods were performed in accordance with the approved guidelines.
Immunohistochemical Staining and Scoring
Immunohistochemical staining for p-eIF4E, β-catenin, cyclinD1, c-Myc, and MMP-7 was performed as previously described [26] . According to a previous investigation, evaluation was based on the intensity and extent of staining [22] . Staining intensity for the above markers except β-catenin was scored as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong), and staining extent was scored as 0 (0%), 1 (≤10%), 2 (11-50%), and 3 (>50%). Marker expression was calculated by multiplying the tumor staining area by the intensity score (0, 1, 2, 3, 4, 6, and 9). Based on research by Li et al. [27] , staining scores ≤4 and ≥6 were regarded as low expression and high expression respectively for p-eIF4E, cyclinD1, or MMP-7. Because the expression of c-Myc expression is lower than that of other markers, a staining index score of ≤1 was used to define tumors with low expression while ≥2 indicated high expression. For β-catenin, normal expression was defined as more than 70% of carcinoma cells with positive staining for membranous β-catenin and abnormal expression as more than 10% carcinoma cells showing positive signals in cytoplasm or nuclei [28, 29] . Agreement between the two evaluators was 95%, and all scoring discrepancies were resolved by discussion.
Western Blotting
Protein lysates preparation and western blot analysis were performed as previously described [30] .
Growth Inhibition Assay
Cells were plated at 2×10 3 to 4×10 3 cells/well in triplicate 96-well cell culture plates and treated with vehicle or CGP57380 the next day. Live cells were quantified using the sulforhodamine B (SRB) assay, and the percentage of cell proliferation was calculated after 72-h treatment and normalized to the vehicle-treated group. The percentage growth inhibition (GI) was calculated using the equation: %GI = (1-Nt/Nc) ×100, where Nt and Nc represent the absorbance in treated and control cultures respectively. IC50, the drug concentration causing GI of 50%, was determined by interpolation from dose-response curves [31] .
β-Catenin-LEF/TCF Regulated Reporter Gene Assay CNE1 cells were plated at 1.25×10 4 cells/well in triplicate 24-well cell culture plates. The following day, cells were individually co-transfected with TOPFlash or FOPFlash reporter plasmids (17-285, Merck-Millipore) (0.5 µg/well) and equal amounts of pSV-β-galactosidase control vector (E1081, Promega) using Lipofectamine 2000 reagent (11668-019, Invitrogen) according to the manufacturer's instructions. The next day, the cells were trypsinized, washed with serum-free medium, counted, and seeded at 2×10 3 cells per well in 96-well plates. After cell attachment, DMSO vehicle or CGP57380 was added to the medium to the required concentration. At 24 h after treatment, cells were harvested and analyzed for luciferase activity using the Steady-Glo Luciferase assay system (E2520, Promega) or the β-gal Enzyme Assay System (RG0036, Beyotime). β-catenin activity was calculated by the SuperTOP/FOPflash ratio after normalization to β-gal [32] .
Immunofluorescence Staining
Immunofluorescence staining assays were performed as previously described [19] . CNE1 cells (1×10 4 ) were planted on glass slides in 24-well cell culture plates, fixed with 4% (wt/vol) paraformaldehyde in PBS for 20 min at room temperature, and stained with mouse monoclonal antibodies against β-catenin (8480; Cell Signaling Technology). Slides were then stained with goat anti-rabbit IgG-R (sc-2091; Santa Cruz Biotechnology). Images were obtained with a fluorescence microscope at 400× magnification.
Cytoplasmic and Nuclear Protein Fractionation
The cell fractionation assay was performed as previously described [19] .
Cell Cycle Analysis
CNE1 and HNE1 cells were treated with vehicle or the IC50 dose of CGP57380 for 24 h. The PI/RNASE cell cycle assay was performed according to the manufacturer's protocol (550825; BD Pharmingen). Stained cells were analyzed by flow cytometry (FACSCalibur, BD Bioscience, Heidelberg, Germany) using Cell Quest Pro software (BD Bioscience, Heidelberg, Germany).
Wound Healing Assay
A uniform layer of NPC cells was wounded with a 20-µl sterile micropipette tips and washed with serum-free medium to remove detached cells. The remaining cells were treated with or without IC50 values of CGP57380. Photographs of the same area of the wound were taken at 0 h, 24 h, and 48 h to measure the width of the wound.
Matrigel Invasion Assay
Matrigel invasion was measured using a commercially available kit (Transwell; BD Biosciences, San Jose, CA, USA) according to the kit instructions [33] . Briefly, CNE1 and HNE1 cells were suspended in serum-free medium at a density of 1×10 5 cells/mL. One hundred microliters of suspended cells and 100 µL of medium with or without drugs were added to each of the upper chambers (the concentrations of CGP57380 were 20 µM and 50 µM, which were the half of IC50 value). The chambers containing cells were immersed in lower chambers filled with medium containing 10% FBS and incubated for 24 h at 37°C. Non-invading cells that were retained in the upper chamber were removed by cotton swab whereas the invading cells were fixed with 4% (wt/vol) paraformaldehyde in PBS for 20 min at room temperature and stained with 0.1% crystal violet. The number of migrated cells was quantitated using image-Pro plus software over a random composite of five microscopic images (N1, N2, N3, N4, N5), and the values were averaged as (N1+ N2 + N3 + N4+N5) /5.
Migration Assay
The procedures for the migration assay were similar to those described for the Matrigel invasion assay except that no Matrigel was used and the incubation time was 12 h.
Detection of Cell Apoptosis
Detection and analysis of apoptosis by flow cytometry was performed as previously described [18] .
Colony Formation and Radiosensitivity Assays
Colony formation and radiosensitivity assays were described previously [23] . Briefly, CNE1 and HNE1 cells were seeded into 6-well plates in triplicates at a density of 1,000cells/well. After 14 days, cells were washed three times with phosphate-buffered saline, fixed in 4% (wt/vol) paraformaldehyde for 10 min, and then stained with 0.1% crystal violet for 20 min at room temperature. Colonies containing more than 50 cells were counted and the surviving fractions were calculated. For the radiosensitivity assay, CNE1 cells were counted and seeded in 6-well plates at densities of 5×10 2 , 1×10 3 , 5×10 3 , or 1×10 4 per well. Cells were pretreated with CGP57380 (25 µM) for 24 h, and then the medium was replaced with complete medium and the cells were treated with radiation (0, 2, 4, or 6 Gy). The colony formation assay was conducted as above and colonies containing more than 50 cells were counted and the surviving fractions calculated. The linear quadratic model was applied for mathematic analysis of radiosensitivity of cells using GraphPad Prism (GraphPad Software, La Jolla, CA, USA).
Quantitative RT-PCR (qRT-PCR) Analysis
Total RNA was extracted using TRIzol reagent (Invitrogen) and 2 µg of total RNA was used for synthesis of first-strand cDNA with a reverse transcriptase kit (Invitrogen). The mRNA level was measured by qPCR with Power SYBR Green qPCR SuperMix-UDG (Invitrogen) on an ABI Prism 7500 HT sequence detection system (Applied Biosystems, Foster City, CA, USA). Relative expression was determined with a glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control through the 2 -∆ ∆ Ct method. The primers used for qRT-PCR are listed in Table S2 .
Statistical Analysis
Statistical analyses were performed by log-rank test, Chi-square test, Spearman correlation test, multivariate Cox regression analysis, Pearson correlation, Wilcoxon rank sum test, or student's t-test as appropriate using SPSS for Windows (18.0; SPSS, Inc.) and GraphPad Prism (Prism 5.0; GraphPad Software Inc.) packages. A p value < 0.05 was considered significant. Error bars indicate the standard deviation in all the Figures. *p < 0.05, **p < 0.01, ***p < 0.001 by two-tailed t-test.
Results

β-catenin signaling activates leading to poor prognosis and correlating with eIF4E phosphorylation in NPC
Previous investigation has shown that the levels of β-catenin can be regulated by cap-dependent translation [34] . We performed IHC staining to identify the correlation between p-eIF4E and β-catenin signaling and the subcellular distribution of related proteins ( Figure 1A ). The results are summarized in Tables 1-3 . Specific nuclear and cytoplasmic positive expression of p-eIF4E was observed. The subcellular distribution of β-catenin was found to be heterogeneous throughout each tumor tissue. Positive expression of cyclin D1 and c-Myc was localized in the nucleus, whereas MMP-7 was mainly located in the cytoplasm. Overexpression of p-eIF4E, cyclin D1, c-Myc, and MMP-7 protein was identified in NPC tissues compared with non-cancerous nasopharyngeal epithelial tissues. The rates of positive staining for these four proteins were 68.7%, 42.3%, 41.1%, 42.3% in NPC and 44.1%, 8.8%, 5.9%, and 17.6% in normal tissue, respectively ( Figure  1B ). Strong membranous β-catenin localization was observed in 100% of noncancerous cases, whereas decreased membranous β-catenin staining, with or without increased cytoplasmic or nuclear β-catenin expression, was observed in NPC cases. 
01).
Patients with abnormal expression of β-catenin, overexpression of cyclin D1, positive c-Myc, elevated MMP-7, or common ectopic expression of p-eIF4E, β-catenin, MMP-7, cyclin D1, and c-Myc proteins had a shorter survival time (p<0.001, p<0.001, p=0.040, p<0.001, and p< 0.001, respectively) by Kaplan-Meier survival curves and the log-rank test, as did patients with lymph node metastasis (p<0.001) and higher clinical stages (III-IV) (p<0.001) ( Figure 1C-J) . Multivariate analysis indicated that LNM, gender, aberrant expression of β-catenin, and elevated expression of MMP-7 and cyclin D1 were independent prognostic factors (p=0.003, p=0.027, p=0.002, p=0.003, and p< 0.001, respectively) regardless of age, clinical stage, histological type, p-eIF4E, and c-Myc expression.
We also measured the expression levels of p-eIF4E S209 , eIF4E, and β-catenin in a panel of NPC cell lines (5-8F, HNE1, HNE2, CNE1, HK1, and 6-10B) and an immortalized normal nasopharyngeal epithelial cell line (NP69). The results indicated that p-eIF4E and β-catenin expression was higher in NPC cell lines than in the immortalized normal nasopharyngeal epithelial cell line ( Figure 1K ), and β-catenin expression levels were positively associated with p-eIF4E expression (r=0.921, p=0.003, Figure 1L) .
The above data suggest that β-catenin signaling activates leading to poor prognosis. Moreover, p-eIF4E, a crucial element of cap-dependent translation, is involved in the activation of β-catenin. Therefore, we inferred that the eIF4E-β-catenin pathway accelerates the malignant behavior of human NPC. . β-catenin is mainly located in the cytoplasm or in the nucleus, together with overexpressed cyclin D1, c-Myc, and MMP-7 when is p-eIF4E elevated (A1-5). p-eIF4E is weakly expressed in the NPC cases with strong membranous β-catenin localization and weak expression of cyclin D1, c-Myc, and MMP-7 (A6-10). Low staining of p-eIF4E, β-catenin, cyclin D1, c-Myc, and MMP-7 was observed in the control nasopharyngeal epithelia (A11-15). B: Expression of p-eIF4E, β-catenin, cyclin D1, c-Myc, and MMP-7 in NPC compared with non-cancerous nasopharyngeal epithelial tissues. The P values were determined by chi-square analysis. *p < 0.05, **p < 0.01, ***p < 0.001, by two-tailed t test. C-J: Kaplan-Meier analysis was used to plot the overall survival curves of 163 NPC patients with different LNM status, clinical stages, expression of p-eIF4E, β-catenin, cyclin D1, c-Myc, and MMP-7 and combined expression of five proteins above; statistical significance was assessed by log-rank test. K: Western blot analysis of p-eIF4E S209 /eIF4E and β-catenin levels in NPC cell lines (5-8F, HNE1, HNE2, CNE1, HK1, and 6-10B) and an immortalized normal nasopharyngeal epithelial cell line (NP69). L: Correlation between p-eIF4E S209 /eIF4E ratio and β-catenin/GAPDH ratio.
Targeting the MNK-eIF4E axis by CGP57380 regulates the expression of β-catenin signaling factors
β-catenin signaling is aberrantly activated in NPC. To evaluate targeting the MNK-eIF4E axis by CGP57380 as a promising therapeutic strategy through control of β-catenin distribution, we inactivated eIF4E using CGP57380. Proliferation of NPC cell lines was inhibited by CGP57380 in a concentration-dependent manner over the range of 0 to 100 µM CGP57380, as measured by 3-day cell survival assay (Figure 2A, left) . Only treatment with a higher dose of CGP57380 suppressed the proliferation of NP69 cells; the IC50 for CGP57380 in NP69 cells was 273.44 µM, compared with 38.261 µM, 82.042 µM, 103.278 µM, 13.532 µM and 89.416 µM for CNE1, HNE2, HNE1, HK1, or 6-10B cell lines respectively (Figure 2A, right) . Heterogeneous sensitivity to CGP57380 positively correlated with p-eIF4E levels of NPC cell lines ( Figure 2B ). Among the above NPC cell lines that were sensitive to CGP57380, the well-differentiated squamous cancer cell line CNE1 and the poorly differentiated squamous cancer cell line HNE1 were chosen as candidates for follow-up studies.
Clonogenic assays are regarded the "gold standard" for measuring cellular sensitivity to drug treatment [35] . The IC50 dose of CGP57380 abolished the clonogenicity of CNE1 and HNE1 cell lines ( Figure  2C ). The colony number decreased compared with vehicle-treated groups due to slow growth of the surviving cells. Using a TCF reporter assay, we discovered that β-catenin transcriptional activity was regulated by CGP57380 concentration ( Figure 2D) . Interestingly, targeting the MNK-eIF4E axis decreased the expression of p-MNK1 and p-eIF4E and the mRNA and protein expression of factors downstream of β-catenin signaling including c-Myc, cyclin D1, MMP-7, and Axin2, but increased the expression of β-catenin ( Figure 2E-F & S1A-B) , which was inconsistent with IHC data and previous results. Using a series of tests, we showed that the activity of β-catenin signaling relies on accumulation of translocated β-catenin in the nucleus, one of the hallmarks of the initiation of tumorigenesis in a broad spectrum of human cancers [36] [37] [38] . Thus, to study the effect of CGP57380 on β-catenin expression, the distribution of β-catenin must be examined. Correlation between p-eIF4E (S209)/eIF4E ratio and IC50 of CGP57380. C: (Left) Clonogenic assay. The cells were exposed to CGP57380 (control, and IC50) for 14 days, and representative plates were photographed. (Right) Clone formation efficiency (CFE) was calculated as a ratio of the number of colonies to total cells plated. Colonies containing more than 50 cells were counted; means ± SD from three independent experiments are presented; ***p<0.001. D: TCF reporter assays were performed on CNE1 cells treated with DMSO or CGP57380 at increasing concentrations for 24 h. E: MNK-eIF4E axis and downstream targets of β-catenin signaling including c-Myc, cyclin D1, MMP-7, and Axin2 were downregulated, whereas β-catenin level was upregulated by treatment with gradient concentration of CGP57380 for 24 h in CNE1 and HNE1 cell lines. F: Inhibition of MNK-eIF4E axis, suppression of downstream targets of β-catenin signaling, and elevated β-catenin levels in CNE1 and HNE1 cell lines by CGP57380 at IC50 in a time-dependent manner.
CGP57380 regulates β-catenin distribution in NPC cells leading to alteration of epithelial-mesenchymal transition morphology, cell cycle arrest and inhibition of migration and invasion
To further investigate the distribution of β-catenin, we measured the β-catenin level in cytosolic and nuclear extracts of CNE1 and HNE1 cell lines following CGP57380 treatment. Western blot data showed that β-catenin nuclear translocation was suppressed by CGP57380 but β-catenin accumulated in the cytoplasm compared with the untreated control cells ( Figure 3A) . Immunofluorescent staining indicated that the active β-catenin was predominantly localized around the membrane, making tight intercellular junctions much more compact (Figure 3B , left). We also found that β-catenin nuclear translocation was suppressed by CGP57380 in a dose-dependent manner (Figure 3B, right; and Figure  3C ). The redistribution of β-catenin led to altered epithelial-mesenchymal transition (EMT) morphology of NPC cells, together with increased levels of E-cadherin and decreased expression of Vimentin, N-cadherin, and slug ( Figure 3D & S1C-D) .
CGP57380-mediated regulation of β-catenin distribution resulted in changes in related proteins in CNE1 and HNE1 cell lines, which in turn induced alteration of EMT morphology, cell cycle arrest ( Figure 3E ) and inhibited migration (2D and 3D) and invasion ( Figure 3F-G) in NPC cells. 
CGP57380 inhibits growth and metastasis of NPC in vivo
Promotion of cellular proliferation, migration, and EMT are important functions of β-catenin signaling in cancers [39] [40] [41] . To examine the therapeutic potential of CGP57380 for the development of NPC in vivo, we next examined its capacity to suppress tumor growth and metastatic potential using three established murine xenograft models of NPC. CNE1 cells were employed in xenograft experiments in BALB/c nude mice. In the subcutaneous model, the volume ( Figure 4A ) and weight ( Figure 4C ) of tumors were significantly decreased in the CGP57380-treated group compared with the control group without obvious toxicity and body weight change ( Figure 4B ). The relative tumor growth curves for control and CGP57380-treated animals are shown in Figure  4D . The CGP57380-treated group showed significantly reduced tumor growth compared with the control group (p=0.016). In agreement with our in vitro studies, the expression of Ki-67, p-eIF4E, and downstream targets of β-catenin signaling (including cyclin D1, c-Myc, and MMP-7) in CNE1 xenografts was significantly reduced in the CGP57380-treated group as measured by IHC ( Figure 4E and Figure S3 ). The intraperitoneal model was used to determine whether CGP57380 was effective in suppressing intraperitoneal tumor growth. CNE1 cells were injected intraperitoneally in a new cohort of mice followed by treatment with either vehicle or CGP57380. Tumor involvement was observed in the scrotum and abdominal muscle in both groups, but in spleen, liver, kidney, and diaphragmatic muscle only in the vehicle group. Tumor burden and the capacity for invasion and metastasis of the CNE1 cells were significantly decreased by CGP57380 (Figure 4F-H) . Expression of E-cadherin increased and that of Vimentin decreased in CGP57380-treated tumors of abdominal muscle, as detected by IHC in abdominal muscle metastases of NPC tissues ( Figure 4I ). In the intravascular model CNE1 cells were injected via the tail vein into BALB/c nude mice and metastasis loci were detected in the lungs of the control vehicle-treated group, but not in the CGP57380-treated mice ( Figure 4J ).
These results demonstrated that targeting the MNK-eIF4E axis by CGP57380 inhibited growth and metastasis of NPC in vivo.
CGP57380 potentiates radiation-induced apoptosis in nasopharyngeal carcinoma
Growing evidence indicates that eIF4E and nuclear β-catenin exert essential roles in radiotherapy resistance. Yu et al. found that eIF4E phosphorylation induced by the caspase 3/PKCδ/p38/MNK1 signaling pathway was required for Sox2 upregulation, which in turn promoted recurrence in pancreatic tumor cells treated with radiotherapy [42] . Nuclear β-catenin overexpression is more evident in radioresistant rectal adenocarcinoma than in radiosensitive rectal adenocarcinoma [43] . To test the effect of targeting the MNK-eIF4E-β-catenin axis by CGP57380 on the sensitivity of NPC cells to radiation therapy, NPC cells were pretreated with vehicle or CGP57380 and then left untreated or irradiated. The results of an SRB assay suggested that concomitant treatment with the MNK inhibitor CGP57380 and radiotherapy significantly decreased the viability of all tested cell lines compared with other treatments, with a synergistic effect (p<0.001, Figure 5A ). The radiosensitivity of CNE1 cells with or without CGP57380 pretreatment was evaluated after irradiation at a single dose of 0, 2, 4, or 6 Gy. CGP57380 pretreatment had a greater inhibitory effect on colony formation and resulted in a lower survival rate after irradiation compared with cells treated with irradiation only ( Figure 5B ). As apoptosis is a major form of cell death induced by irradiation, we performed flow cytometry using Annexin V/PI staining to assess apoptosis in CNE1 and HNE1 cell lines treated with vehicle, CGP57380, radiotherapy, vehicle combined with radiotherapy, or CGP57380 combined with radiotherapy. The results indicated that CGP57380-pretreated NPC cells were more susceptible to undergo early apoptosis induced by irradiation than the other groups (p<0.001, Figure 5C ). In parallel, western blot analysis showed that radiotherapy-treated CNE1 and HNE1 cells showed activated eIF4E and elevated cyclin D1 expression compared with untreated controls. Targeting the MNK-eIF4E-β-catenin axis by CGP57380 abrogated the activation of eIF4E and inhibited expression of cyclin D1. Concomitant treatment with MNK inhibitor CGP57380 and radiotherapy resulted in more obvious p-eIF4E and cyclinD1 inhibition, and induced higher expression of cleaved PARP, indicating more damage in the DNA of irradiated cells ( Figure 5D ). eIF4E was significantly activated when CNE1 and HNE1 cell lines were exposed to combined treatment of DMSO and radiotherapy. Previous studies reported that DMSO could protect cells from radiation damage and facilitate the DNA double-strand break repair system [44] . Therefore, we inferred that eIF4E activation might be the critical radioprotective mechanism of DMSO, but further research to validate this notion is needed. 
Regulation of the distribution of β-catenin by CGP57380 is dependent on AKT activation
To better understand the role of targeting the MNK-eIF4E axis by CGP57380 in the suppression of β-catenin nuclear translocation, we noted the main findings of two previous studies showing that eIF4E phosphorylation leads to AKT activation, which in turn promotes β-catenin signaling [19] , and that AKT-mediated phosphorylation of β-catenin at serine 552 (S552) is a necessary step in β-catenin nuclear translocation and activation [10] . These results suggest a model in which eIF4E phosphorylation mediates β-catenin nuclear translocation in an AKT-dependent manner. Therefore, we assessed the levels of p-eIF4E S209 /eIF4E, p-AKT S473 /AKT, and p-β-catenin S552 /β-catenin in CNE1 cells after treatment with vehicle, MNK inhibitor CGP57380, AKT inhibitor MK2206, combined treatment with CGP57380 and MK2206, AKT activator IGF-1, combined treatment with CGP57380 and IGF-1, Wnt inhibitor XAV939, or combined treatment with CGP57380 and XAV939. We found that only CGP57380 inhibited p-eIF4E expression. Activation of AKT and β-catenin in CNE1 could be abrogated by CGP57380 through blocking eIF4E phosphorylation. The inhibitory effect of CGP57380 on p-AKT and p-β-catenin S552 could be enhanced by MK2206 but was reversed by IGF-1. Both MK2206 and IGF-1 did not show any significant effect on the expression of p-eIF4E. We therefore thought that p-eIF4E activated AKT, and AKT-dependent enhancement of β-catenin S552 phosphorylation promoted nuclear translocation of β-catenin in NPC cells. XAV939 inhibited β-catenin expression, but had no effect on p-eIF4E S209 /eIF4E and p-AKT S473 /AKT. Complementary to XAV939, CGP57380 could further prevent β-catenin nuclear translocation by the regulation of AKT activation inhibited by eIF4E. Only inactivation of eIF4E by CGP57380 could promote the accumulation of β-catenin in the cytosol. Moreover, TCF transcriptional activity and the capacity of migration and invasion changed according to the nuclear expression of β-catenin; high β-catenin expression in the nucleus resulted in higher transcriptional activity and stronger capacity of migration and invasion ( Figure 6B-C & S4) . Regarding accumulation of β-catenin in the cytoplasm, when AKT/GSK-3β was suppressed by CGP57380, phosphorylation of β-catenin (Ser33/37/Thr41), a downstream target of AKT/GSK-3β, decreased resulting in a reduction in the ubiquitination-mediated degradation of β-catenin in CNE1 and HNE1 cells ( Figure 6D ). This contradicts other findings. A previous study showed that Wnt/β-catenin/Tcf signaling induced transcription of Axin2, which could be a negative regulator of the signaling pathway [45] . Coincidently, Axin2 expression was inhibited by CGP57380. Besides, we also observed no difference in β-catenin transcription in CGP57380-treated versus control cells ( Figure 6E ). We propose that downregulation of Axin2 prevented ubiquitination of β-catenin, which subsequently accumulated in the cytoplasm [45] .
Discussion
As a result of a combination of lifestyle modification and population screening coupled with better imaging, advances in radiotherapy, and more effective systemic agents, the incidence and mortality of NPC is gradually declining, even in endemic regions (see review in ref. [46] ). Nevertheless, effective treatment for nasopharyngeal carcinoma with local residual or distant metastasis remains an unmet need in the developing world. New strategies including molecular-targeted therapies, such as inhibition of epidermal growth factor receptor (EGFR) or vascular endothelial growth factor (VEGF), have yielded impressive disease control in preclinical studies of NPC [47] [48] [49] .
In the present study, we found that increased eIF4E phosphorylation at S209 and overexpressed β-catenin were consistent features in the 163 NPC tissues and 6 NPC cell lines tested, together with a positive correlation between β-catenin levels and p-eIF4E expression. In addition, lymph node metastasis, gender, aberrant expression of β-catenin, and elevated expression of MMP-7 and cyclin D1 were independent prognostic factors. Notably, Lim et al. demonstrated that eIF4E phosphorylation is necessary for β-catenin activation and nuclear localization [19] , and Karni et al. reported that enhancement of phosphorylated eIF4E results in the accumulation of certain proteins, such as the β-catenin transcription factor [34] . We further revealed that the MNK-eIF4E-β-catenin axis in NPC is a critical factor in poor prognosis (higher clinical stages, lymph node metastasis, and poor survival status). As for the relationship between patient survival and the expression of p-eIF4E, we took note of an early finding that normal development and cancer had differential requirements for eIF4E dose [50] . In addition, the regulatory network of eIF4E activation could affect p-eIF4E expression. Thus, we speculated that the regulation of ectopic p-eIF4E might be more complicated, so it was not sufficient to directly affect the survival of NPC patients.
We exposed a range of NPC cell lines and immortalized normal nasopharyngeal epithelial cell line to CGP57380 and observed that targeting the MNK-eIF4E axis by CGP57380 treatment decreased their proliferation and colony-forming ability with little apparent toxicity to the immortalized normal nasopharyngeal epithelial cell line, which was consistent with previous investigations in blast crisis chronic myeloid leukemia and NSCLC [18, 51] . Paradoxically, when expression of p-MNK1 and p-eIF4E was inhibited by CGP57380, the expression of total β-catenin was stimulated but the downstream targets of β-catenin signaling, including cyclin D1, c-Myc, MMP-7, and Axin2, were suppressed in a timeand dose-dependent manner. Moreover, we found that β-catenin accumulated only in the cytoplasm, where it enhanced intercellular adhesion and reduced migration of NPC cells, together with increased expression of E-cadherin and decreased expression of Vimentin, N-cadherin and slug, which terminated EMT, a key mechanism in cancer cell invasiveness and metastasis. Nuclear translocation of β-catenin was suppressed, leading to inhibition of the downstream targets cyclin D1, c-Myc, and MMP-7. MMP-7 is a matrix metalloproteinase (MMP) with wide proteolytic activity for degradation of extracellular matrix proteins and activation of other MMPs. Downregulation of MMP-7 impairs the capability of the cell for invasion and metastasis. Cyclin D1 and c-Myc are significant participants in cell proliferation and differentiation. Inhibition of these molecules by CGP57380 induces cell cycle arrest and blocks cellular proliferation. The activity of β-catenin signaling relies on the translocation and accumulation of β-catenin in the nucleus, one of the hallmarks of tumorigenesis in multiple human cancers [52, 53] . As a transcription factor, β-catenin is involved in carcinogenesis and metastasis through regulating the expression of downstream molecules in the nucleus [54] . We demonstrated that CGP57380 could prevent translocation of β-catenin into the nucleus and enhance recruitment of β-catenin in cytoplasm. In this way, CGP57380 suppresses the progression of NPC by direct inhibition of nuclear β-catenin signaling and by maintaining the adhesion between cells. Thus, targeting the MNK-eIF4E axis may ameliorate the poor progression of NPC mediated by β-catenin activation.
Our work also elucidated the mechanisms by which CGP57380 prevents nuclear translocation of β-catenin. In the NPC cell lines, AKT phosphorylation at S473 and β-catenin phosphorylation at S552 were inhibited by CGP57380 through inhibition of eIF4E phosphorylation at S209. This phenomenon could be reversed by the AKT agonist IGF-1 and enhanced by the AKT inhibitor MK2206. When AKT was phosphorylated by IGF-1, β-catenin was phosphorylated at S552 and translocated into nucleus to initiate the transcription of tumor-associated genes. The above data suggest that inhibition of β-catenin nuclear translocation by CGP57380 is dependent on AKT activation in NPC cell lines. With respect to regulation of the accumulation of β-catenin in the cytoplasm by CGP57380, we focused on expression of Axin2, which is believed to function by promoting phosphorylation at S33/37/Thr41 sites of β-catenin and its consequent degradation. We observed that CGP57380 suppressed Axin2 expression, preventing β-catenin phosphorylation at S33/37/Thr41 sites without obvious inhibition of relative β-catenin gene expression. This resulted in accumulation of β-catenin in the cytoplasm and cytomembrane and repressed the invasive mesenchymal phenotype in NPC.
Yang et al. discovered that CGP57380 abrogated eIF4E phosphorylation-mediated repopulation and prevented recurrence in irradiated pancreatic tumor cells [42] . Overexpression of nuclear β-catenin is associated with radioresistance in human cervical squamous cell cancer and rectal adenocarcinoma [43, 55] . Therefore, we inferred that CGP57380 exerted the dual function of sensitizing NPC cells to radiation. CGP57380 pretreatment of NPC cell lines exhibited more obvious inhibition of proliferation than other treatments, mainly through induction of apoptosis as assessed by flow cytometry and c-PARP expression. Growing cells double their volume during G1 and G2 phase so that the cell volume is conserved in mitosis. Cells in the G2 phase are considered radioresistant because of lingering enzymes and CDK complexes from S phase. The suppression of nuclear β-catenin by CGP57380 resulted in downregulation of cyclin D1 expression, limiting its level in cells in G0/G1 phase and sensitizing the cells to radiation therapy.
In summary, we demonstrated that CGP57380 downregulated β-catenin in the nucleus, which in turn decreased proliferation, cell cycle evolution, migration, invasion, and metastasis of NPC cells in vitro and in vivo. Concurrent accumulation of β-catenin in the cytoplasm terminated the EMT, a key mechanism in cancer cell invasiveness and metastasis, and enhanced intercellular interactions. Identification of the MNK/eIF4E/β-catenin axis provides new insight into molecular targeted treatments for NPC. These findings may help elucidate the pathway that drives NPC aggressiveness and aid development of novel MNK-eIF4E-targeting anticancer therapies.
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